3-and H 2 VO 4 -species only. The IR and Raman spectra contain all characteristic bands of the VO(O 2 ) 2 group and the coordinated IO 3 -ligand. Based on the positions of bands assigned to the vibrations of the VO(O 2 ) 2 groups a pentagonal pyramidal arrangement around the vanadium atoms can be supposed. The crystal structure was solved from X-ray synchrotron powder data by direct space method and refined by energy minimization in the solid state employing a hybrid PBE0 functional. This crystal and molecular structure, has confirmed the presence of hexacoordinated vanadium atoms and revealed asymmetric dinuclear structure of the [V 2 O 2 (O 2 ) 4 (IO 3 )] 3-ion. The coordination spheres of vanadium atoms are different -the IO 3 -anion is coordinated only to one vanadium center. A thermal analysis of the complex confirmed the presence of water molecules in the crystal structure and revealed a considerable stability of the dehydrated complex. solved in 1985 [5] . There are two known phosphato complexes, (NH 4 O [7] containing tetranuclear anion. In all three complexes mentioned, the coordination geometry can be considered to be pentagonal bipyramidal although the second apical bonds trans to the V=O bonds in phosphato complexes are relatively long.
The condition for bonding of an oxidoanion XO n mto the VO(O 2 ) 2 group is a sufficiently high negative charge density on the donor oxygen atoms and hence a sufficiently low electronegativity of the central X atom. As a possible candidate fulfilling these requirements we have chosen the iodate IO 3 -anion. Compounds containing vanadium(V) and iodate groups are interesting also from the point of view of second order nonlinear optical materials, because both components, namely the lone pair containing IO 3 -ion and the second-order Jahn-Teller distorted VO x asymmetric group, possess advantageous properties as constituents of such materials [8, 9] . Thus, for example NaVO 2 (IO 3 ) 2 •H 2 O represents a material with very large SHG response [9] . Using the iodate as heteroligand in synthesis of peroxido complexes of vanadium, there is a following problem: the iodate ion reacts with hydrogen peroxide according to the well known Bray-Liebhafsky clock reaction [10, 11] . The hydrogen peroxide has a redox potential which enables oxidation of iodine to iodate 5H 2 O 2 + I 2 = 2IO 3 -+ 2H + + 4H 2 O and simultaneously the reduction of iodate to iodine:
The whole reaction is a decomposition of hydrogen peroxide to water and oxygen. Considering these reactions we had to find the reaction conditions which enabled the synthesis of iodato complex before hydrogen peroxide was decomposed. This article presents synthesis, spectral and structural characterizations of the first iodato peroxidovanadium
Experimental procedures and theoretical calculations
KVO 3 was prepared according to [12] . All other chemicals were of analytical grade and used as supplied by Aldrich. Vanadium(V) was determined by titration with FeSO 4 , peroxidic oxygen by titration with KMnO 4 . Potassium was estimated gravimetrically as tetraphenylborate. 
Synthesis

Powder diffraction
A powder pattern of I was first collected with a transmission STOE Stadi-P diffractometer using monochromatic CoKα 1 radiation. Indexation by the ITO program [13] provided a monoclinic cell, but quality of the data set was not sufficient for structure solution. A high resolution synchrotron X-ray powder diffraction pattern was therefore collected using the SNBL BM1B (ESRF, Grenoble, France) station equipped with a diffractometer detector stage consisting of six independent Si(111) analyzer crystals and six counting channels measuring in parallel. The bending magnet radiation is monochromatized with a channel cut Si(111) monochromator calibrated to 0.5012(8) Å using a silicon powder standard. The sample was mounted in a 0.7 mm (OD) glass capillary and spun during the measurements. Diffraction data were taken in a continuous scan mode between 1 o and 16 o 2Θ with 0.003 o step size and 0.7 second integration time per data point. A new indexation has confirmed the monoclinic cell obtained
The first transition metal iodato peroxido complex: the synthesis, vibrational spectra and crystal structure from powder diffraction data of
from the laboratory data and has provided more accurate estimates of the lattice parameters. Considering the diffractions extinctions as well as the cell volume, the molecular weight and an estimated crystal density, the space group P2 1 /c was proposed. Accuracy of the estimated lattice parameters was further improved by several cycles of Le Bail pattern decomposition method [14] as implemented in the FullProf program [15] . A satisfactory structure solution was obtained in the direct space using the FOX program [16] utilizing a structural model built from two oxidodiperoxidovanadium anions VO 5 -, one iodate anion IO 3 -, three potassium cations K + and a water molecule. The anions were treated as semi-rigid molecules using the intramolecular restraints [17] whilst an iodate anion and a water molecule were handled as rigid bodies. The antibump distances (V-V of 2 Å, I-I, V-I, K-V, K-I and K-K of 3 Å) were used during the search and the correct solution was recognized after ~2×10 6 trials. The energy cut-off controlling the accuracy of structure optimization was set to 500 eV, representing thus an extended basis set and consequently accurate calculations. The Brillouin zone was sampled at 2k-points and the lattice parameters were kept fixed at their values obtained by the LeBail technique. Prior to optimization of the structure of I accuracy of the computational solid state DFT method was assessed by comparing an accurately experimentally determined crystal structure built from comparable moieties with the identical structure obtained by energy minimization. For this purpose a structurally related compound, monoclinic (P2 1 /c) lithium dioxido bis (trioxidoiodato(V)) vanadate Inasmuch as no symmetry restrictions were applied during geometry optimization, the atomic positions were effectively optimized in the P1 space group. This four-fold redundancy provided an additional check of consistency of the calculations. It has been previously shown by us that a combination of structure solution from powders and structure refinement by energy minimization in the solid state can provide results, whose accuracy is comparable to those of single-crystal refinements (see e.g. [26] [27] [28] [29] [30] [31] Fig. 2 . The first weak endothermic peak at 91°C (arrow in Fig. 2 ) corresponds to release of water of crystallization (calculated ∆m = 3.15%, found 3.24%). The strong exothermic peak at 153°C indicates the release of oxygen from the coordinated peroxido ligands (calculated ∆m = 11.19%, found 13.70%). The intermediate product, according to decomposition stoichiometry, IR spectrum and X-ray powder diffraction pattern, is a mixture 2 KVO 3 -KIO 3 , which exists up to ~450°C. Above this temperature, the course of the DTA curve is complicated; therefore, we are not able to interpret it unequivocally.
Structure refinement by solid state calculations
The final hydroscopic product at 600°C contains KVO 3 (IR, X-ray powder diffraction pattern) and no KIO 3 . We suppose that the reaction 2KVO 3 + 2KIO 3 → K 4 V 2 O 7 + I 2 O 5 and ensuing decomposition of I 2 O 5 take place in the temperature interval 450 -600°C. The complicated course of the DTA curve may be due to the decomposition redox reactions of I 2 O 5 . According to suggested stoichiometry of decomposition the final mixture (600°C) is K 4 V 2 O 7 + 2KVO 3 (calculated ∆m = 43.51%, found 43.51%). 
Crystal structure
displacement between the atomic positions of the paired atoms was also small, 0.103 Å. Considering the values of all aforementioned comparisons the overall accuracy of the computational method was found acceptable. The essential bond distances and angles and the geometry of the O-H…O hydrogen bonds are summarized in Tables 2 and 3 , representative projections of the structure are in Fig. 3 -5 and a Rietveld fit is depicted in Fig. 6 .
The basic building unit in the structure of I is a dimeric peroxido complex (Fig. 3) with each vanadium atom formally six coordinated by oxygen atoms. The V2 atom is surrounded by two single bonded bidentate peroxido ligands (O12A-O12B and O13A-O13B) and one double bonded oxygen atom, O11. The sixth oxygen atom of the coordination sphere is weakly bonded O2B, formally belonging to the peroxido group of the coordination sphere of the V1 atom. Due to its presence within the coordination spheres of both vanadium atoms is the V1-O2B bond distance noticeably longer than those three the V1 atom forms with the other atoms of coordinating peroxido groups. The last two members of coordination polyhedron of V1 are double bonded O1 atom and the O21 atom, the latter being shared with IO 3 -trigonal pyramid. Both vanadium atoms are displaced from the best planes fit to respective four peroxido oxygen atoms towards double bonded O1 (O11) for 0.59 Å (V1) and 0.48 Å (V2). The lengths of V-O (V=O) bonds ( The IO 3 -anion group has a form of a deformed trigonal pyramidal "umbrella" with the iodine atom positioned for 0.84 Å above the plane defined by oxygen atoms. Sharing of the O21 atom with the V1 atom causes the I1-O21 bond distance to be significantly longer than the other two I-O bonds ( Essential bond distances and angles (Å, o) . The values are rounded-off to the precision typical for crystallographic data. 
Conclusions
In spite of Bray Liebhafsky reaction which leads to relatively fast decomposition of H 2 O 2 in aqueous iodate solution we succeeded in preparation of iodato peroxido complex of vanadium, K 3 [V 2 O 2 (O 2 ) 4 (IO 3 )]•H 2 O, which is the first transition metal iodato peroxido complex. The complex anion, which is unstable in aqueous solution, possesses in the solid state asymmetric dinuclear structure. Each vanadium atom is formally six coordinated by single bonded bidentate peroxido ligands and one double bonded oxygen atom. The sixth oxygen atom of the coordination sphere is either a weakly bonded oxygen atom formally belonging to the peroxido group of the coordination sphere of the second vanadium atom or an oxygen atom of IO 3 -ligand group coordinated only to one vanadium atom. Sharing of oxygen atoms by respective cations causes small, though wellrecognizable differences in the cation-to-oxygen bond distances. A molecule of water joins a double-bonded and peroxido oxygen atom by medium strong hydrogen bond with D-H…A angles approaching straight angle. The compound releases water of crystallization under dynamic conditions at 91°C. The dehydrated compound exhibits a considerable stability as it liberates peroxidic oxygen above 150°C under formation of a mixture KVO 3 with KIO 3 . 
